We have evaluated under laboratory validation conditions and in an extensive field trial the behaviour of an ambulatory monitoring device that is capable of recording both by the Korotkoff-sound and oscillometric methods in a single cuff deflation (TM2421: A&D Co, Tokyo, Japan). The effects of subject age and blood pressure (BP) level on the accuracy and field reliability of the two methods implemented in the device have been determined. In the validation phase, automatic BP measurements were compared with readings by two trained observers in 96 subjects, and the results compared with the AAMI criteria for automatic BP monitors. In the field trial phase, the performances of Korotkoffsound and oscillometric methods over a 24-h period of ambulatory BP monitoring were compared in 515 subjects, with analysis of the agreement between the two methods in patients where both provided satisfactory
Introduction
The Korotkoff and the oscillometric techniques for the indirect measurement of brachial artery blood pressure (BP) were developed empirically. They both show a reasonable correlation with the intraarterial BP, 1 although it has been noted with either method that individual measurements may, on occasion, differ substantially from the direct recordings 2,3 and it is not known whether one method is superior to the other in this regard. Ambulatory blood pressure monitoring (ABPM) devices have been developed using either technique. Devices which use the K technique are fitted with microphones, which are calibrated to mimic the sensitivity of the human ear. Blood pressure monitoring with this method more closely reflects the technique of BP measurement by a trained observer. However, there are patients, notably those with obese upper arms or soft K sounds and those in whom the K sounds exhibit an auscultatory gap, in whom ABPM using this technique is likely to fail. Moreover, fitting of a K-based BP monitor is an expert task which may take up to 30 min to perform. For these reasons, there is substantial interest in the oscillometric technique in ABPM. This technique does not measure systolic and diastolic BP directly, but rather it determines mean BP from the point of maximum amplitude of the pressure oscillations within the cuff during deflation. From this value, systolic and diastolic BPs are derived by applying an algorithm.
An automated device which estimates BP by both techniques during the same cuff deflation (owing to the difference between the methods outlined above, the measurements cannot be said to be truly simultaneous) is available (TM2421: A&D Co, Tokyo). This device provides the option of accepting for diagnostic purposes the K-sound data, the oscillometric data or a composite dataset, consisting of the K-sound data where this method has provided a satisfactory reading, and the oscillometric data where it has not. As the reproducibility of ABPM depends critically on the number of acceptable readings performed during a period of monitoring, this methodology has potential advantages if agreement between the K-sound and oscillometric methods is satisfactory. We therefore compared the accuracy of the two methods in a validation study and assessed their relative merits and degree of agreement in clinical practice, where the availability of the more robust oscillometric method might be expected to prove useful.
Methods

Laboratory validation
The five TM2421 monitors used for the present validation had been routinely used for ABPM in our Hospital for 4 years. They were all shown to be satisfactory on static calibration. The TM2421 model was developed from the TM2420 model (A&D Co, Tokyo) by the same manufacturer. The K technique used in the TM2421 was the same as in the TM2420 (the accuracy of which had already been demonstrated 4, 5 ). The algorithm for the oscillometric technique had been used in a stationary device (UA 751, A&D Co, Tokyo) which had also been previously validated. 6 The monitor was initially set to inflate a pneumatic cuff placed around the nondominant arm to 210 mm Hg and subsequently to a pressure 40 mm Hg above the subject's previous systolic BP. Deflation then proceeded at a rate of approximately 3 mm Hg/s. Readings were stored in the device and were down-loaded to a dot-matrix printer or to a computer.
Validation was performed in 96 subjects, in an age range of 19-79 years, with approximately equal representation for each decade. This group included 49 subjects with a diastolic pressure exceeding 90 mm Hg. The subjects were both normal volunteers and patients referred to our Hypertension Clinic. Patients with atrial fibrillation were excluded from the study as were those with an upper arm circumference exceeding 36 cms. The recommendations of the Association for the Advancement of Medical Instrumentation (AAMI) 7 were followed throughout the validation process. In brief, the mean of three BP measurements was taken in the recumbent, sitting and standing positions for each subject. Recordings were made by the apparatus and simultaneously in the same arm by two trained observers, with a divided stethoscope, using the K method and a standard mercury sphygmomanometer. The arm was supported at heart level during all measurements and care was taken to use an appropriately sized cuff. Statistical evaluation of the differences between BP measurements by the observers and by either of the two automatic techniques was performed using the Bland-Altman procedure. 8 The differences between observers and automatic BP measurements (with either technique) were plotted against the mean BP by the two methods (observers and K method or observers and oscillometric). The standard deviation of the differences (s.d.d.) between individual measurements provided a measure of the inter-method variability.
Field trial
After their validation, the TM-2421 monitors were employed in a field trial as part of a study assessing the genetic determinants of BP. The design of this study ensured a wide range of subject ages and BP levels. Family members of an index hypertensive case underwent 24-h monitoring, and both K-sound and oscillometric BPs were analysed. Monitoring was carried out as previously described 9 with some modifications to account for the dual capacity of the TM-2421. Briefly, optimal cuff placement was ascertained by the comparison between three consecutive BP measurements made simultaneously by a trained observer (all observers in the field trial had participated in the laboratory validation and their measurement technique was confirmed to be satisfactory) and the K method of the TM-2421 with the subject in a seated, relaxed position. To proceed using the K method, an agreement within 5 mm Hg between the observer and the device was required both for systolic and diastolic BP. If this was not achieved, the same degree of agreement was sought between measurements taken by the observer and by the device using the oscillometric method.
If this also failed the monitoring was abandoned, otherwise it was carried out using BP measurements by the oscillometric technique only. This approach enabled us to compare the oscillometric with the K method in those cases where the K method (as first choice) gave satisfactory agreement between the device and the observer, and to make an assessment of how often the more robust oscillometric method would: (a) enable a BP recording to be made in subjects where the K method failed from the outset of monitoring, and (b) provide 'back-up' data in cases of occasional failure of the K method throughout the ambulatory monitoring period.
Monitors were set to take BP readings every 30 min during day-and night-time. Subjects were requested to wear the monitor for 24 h, but owing to the fact that they were mostly healthy volunteers compliance in this regard was less than 100%. During the waking hours the TM-2421 emitted an audible bleep 20 s before each recording. Subjects were asked on hearing this signal to adopt the sitting position and rest the arm with the cuff at heart level with the palm of the hand facing uppermost. The bleep was switched off between 9 pm and 7 am. Subjects recorded the time at which they retired to bed and woke up in the morning. Recordings were regarded as satisfactory if at least 20 successful BP measurements (out of 30 available measurements) during the daytime were available for analysis; this criterion is in line with previously published recommendations. 10, 11 Monitors underwent a static accuracy check every 3 months during the period of field use. The manufacturer's proprietary software was used for downloading the data into a PC. Descriptive statistics and linear regression analysis were performed by using Statview 4.02 (Abacus Concepts Inc, Berkeley, CA, USA).
Results
Laboratory evaluation
Agreement between the pairs of observers was satisfactory. The mean difference in BP measurements between them was 3.3/2.6 mm Hg with a standard deviation of differences between observers (s.d.d.) of 2.2/2.6 mm Hg. Ninety-four percent of measurements were within 5 mm Hg of each other in accordance with the requirements of the AAMI criteria. Blood pressure measurements by the device and the observers were compared for each position separately (Table 1) .
Both the K-sound method and the oscillometric method provided valid readings in all 96 of the subjects in the validation. The K-sound method on average underestimated the BP measured by the pairs of observers ( Table 1 ). The mean differences between observers and automatic K measurements ranged from 1.04 (for systolic BP recorded in the supine position) to 3.96 mm Hg (for diastolic BP recorded in the sitting position) and tended to be greater for measurements of diastolic BP. Likewise the s.d.d. between observer and device readings was greater for diastolic than systolic BP. All the differences were within the AAMI criteria. Although most of the automatic BP measurements were very close to those of the observers, occasional readings could differ substantially (Figure 1 ). The proportion of automatic K readings that differed from the observers' readings by 5 and 10 mm Hg is shown in Table 1 ; only for systolic BP do these proportions satisfy the AAMI criteria. Neither the prevailing level of systolic or diastolic BP (Figures 1 and 2 , upper panels), nor the subjects' age affected the accuracy of the automatic K-BP measurements
The oscillometric method was less accurate than the K technique. The mean difference between the observers and the device ranged from −1.02 (for systolic BP recorded in the standing position) to 5.3 mm Hg (for diastolic BP recorded in the sitting position). A slight tendency to underestimate the observers' SBP and DBP measurements in the majority of positions was also present with this method. The distribution of the differences in systolic BP between the oscillometric method and the observers was wider than for the K method ( Figure  1, lower panel) . The proportion of automatic BP readings which differed from the observers' by 5 and 10 mm Hg was higher with the oscillometric technique than with the K method ( Table 1) . These values were outside the AAMI limits though results similar to ours were found by others with oscillometric devices.
12,13
The level of systolic BP clearly affected the accuracy of the measurement by the oscillometric method ( Figure 1, lower panel) . There was a strong positive linear relationship (r = 0.73, P Ͻ 0.0001) between the differences in systolic BP measurements by the two methods (Observer-oscillometric) with higher systolic BPs being under-estimated by the oscillometric method while lower ones tended to be over-estimated. The crossover point occurred at approximately 150 mm Hg (Figure 1 ). Since systolic BP level rises with age, the accuracy of the oscillometric method in measuring systolic BP in the elderly was lower. These trends were not discernible for the differences between diastolic BP measurements ( Figure 2, lower panel) .
The performance of each of the five monitors used in the validation was compared. The mean differences between the mean of the observers' measurements and the corresponding device measurements were compared between the five devices by ANOVA. There were no statistically significant differences in the agreement between each of the five monitors and the observers for the K-sound systolic (F 4,91 = 2.26, P = 0.07), K-sound diastolic (F 4,91 = 2.14, P = 0.08), and O-method systolic (F 4,91 = 1.09, P = 0.37) pressure measurements. There was mar- ginally significant heterogeneity among the monitors for the agreement between the observers and the Omethod diastolic pressure (F 4,91 = 2.72, P = 0.03). However, despite the essentially random (although not formally randomised) allocation of monitors throughout the validation phase of the study, there were highly significant differences in the observer measured BPs between the five groups of subjects measured with each monitor (F 4,91 = 3.60, P = 0.008). The small difference in agreement with observer readings between the monitors for the O-method diastolic pressure should thus be interpreted with caution.
Field trial
Five hundred and eighty-three recordings were carried out over a period of 2 years, using all five of the validated monitors. As the laboratory performance of all the monitors had been shown to be very similar, data on which monitor was used to carry out an individual recording in the field trial was not collected. At all stages of the assessment, the static accuracy of all monitors used was satisfactory. The K method provided acceptable agreement with the observer's 'clinic' readings in 515 cases (88.3%). In all cases (68 recordings, 12%) where the K method failed, the oscillometric method provided an acceptable agreement with the observer and a recording was made. In the 68 cases where acceptable agreement between BP measurements by the observer and the automatic K technique could not be achieved, the K and oscillometric data were not compared.
Of the 68 recordings made by the oscillometric technique alone, 64 (94%) met the criteria for successful monitoring (ie, Ͼ20 daytime recordings available for analysis). In three cases, the subjects wore the monitor for an insufficient length of time to allow the collection of 20 data points, but on analysis of these records, Ͼ90% of the attempted measurements were successfully made in all three cases. It is therefore likely that the oscillometric method would have succeeded by our criteria in these three cases. In only one case were less than 20 daytime oscillometric recordings available owing to repeated failure of the monitor to obtain a satisfactory measurement.
Of the 515 recordings made using both methods, 387 (77%) would have been judged to be successful if only the K-method had been available. Using the K-method as the primary technique with interpolation by the oscillometric method for those measurements where the K-method failed increased the number of successful recordings to 492 (97%). In 10 cases, the subject wore the monitor for an insufficient amount of time for 20 readings to be possible by day; however, as with the oscillometric method, the likelihood was that all of these individuals would have contributed successful monitors had the prescribed time period been adhered to. Of these 515 recordings, 501 (99%) would have been successful if only the oscillometric method had been available. Night readings were available in 460 of the 515 individuals in whom K-sound and oscillometric methods could be compared (89%).
The degree of agreement between the mean clinic, daytime and night values for the two methods was assessed by a Bland-Altman plot. 8 For clinic systolic BP, the mean difference between the methods (K-O) was −5.86 mm Hg, with a s.d.d. of 10.5 mm Hg, and for clinic diastolic BP the mean difference was −0.31 mm Hg with a s.d.d. of 7.6 mm Hg. The mean difference between methods in daytime systolic BP was −3.45 ± 5.32 mm Hg while in mean diastolic BP it was −1.98 ± 4.48 mm Hg. For the night time, the mean difference between the two methods was −6.12 ± 6.94 mm Hg for systolic BP and −0.3 ± 5.16 mm Hg for diastolic BP. The oscillometric method had a tendency to read higher than the K-sound method at low systolic pressures and read lower than the K-sound method at high systolic pressures (r = 0.41, P Ͻ 0.001), consistent with the findings in the laboratory validation, however, the slope of the relationship between the K-O differences and the actual systolic BP level was considerably flatter than that found during the laboratory validation (0.16 vs 0.23), in keeping with what would be expected when a larger number of values were averaged. The level of diastolic BP did not affect the differences between methods. The Bland-Altman plot for the daytime values, which were the criteria upon which a monitor was deemed satisfactory or unsatisfactory, is shown in Figure 3 .
Discussion
The K-sound method as implemented in the TM-2421 monitor gave estimates of systolic BP that were within the AAMI guidelines. The K-sound method also gave reasonable estimates of diastolic BP although some of the recommendations in the AAMI guidelines were not satisfied. The differences from the observers' BP readings were quantitatively similar to those reported by others for this monitor 14 and for other ambulatory monitors using either the K method 4, 5, 12, 15 or the oscillometric technique. 12, 13 The accuracy of the oscillometric method in measuring BP, however, was not satisfactory as indicated by the wider distribution of the differences from the observers mean and by the inaccuracies associated with the systolic BP level ( Table 1 This may not be a serious problem in the middle range of systolic BP commonly seen in the clinical setting but it would lead to an underestimation of the proportion of severely hypertensive subjects. This would particularly affect population studies where a wide range of BPs are evaluated and whenever elderly subjects are involved. In our hands these reservations do not apply to diastolic BP, where the differences from the observers did not appear to be related to the BP level.
In the field trial, the oscillometric technique
Journal of Human Hypertension showed clear benefits in terms of the possibility of monitoring 12% of patients who could not have been studied with a K-sound monitor alone, and in 'rescuing' 20% of the primarily K-sound monitorings where, despite satisfactory performance of the K-method at the onset of monitoring, an unacceptably large number of error codes using the Kmethod occurred throughout the day. Thus, the greater robustness and ease of use of the oscillometric method provides a distinct advantage as its availability results in a greater proportion of satisfactory BP monitorings being achieved. This finding is in keeping with other published results in smaller cohorts: in one study using the TM2421, there were 13% of failed readings with the K method which fell to 1% when the oscillometric and K method were used together. 14 It should however be noted that the present study excluded subjects with atrial fibrillation, in whom the oscillometric method is itself quite likely to fail; thus, in clinical practice, the oscillometric success rate of 99% achieved probably represents a modest over-estimate.
Although individual measurements by the K and oscillometric methods could differ considerably throughout the monitoring period, the differences between the means of clinic, daytime and night readings by the two methods were small, and appeared to be only moderately affected by the level of systolic BP. We found the smallest s.d.d. between the two methods for daytime diastolic BP readings. The limits of agreement between the methods (the mean difference and the s.d.d.) with the TM-2421 monitor compared favourably with another device which records BP using both K and oscillometric methods simultaneously (Colin ABPM 630). 16 Our validation results and those of others, 12, 17 however, indicate that the K method is more accurate, and thus in the field use of this monitor should be the method of choice.
In conclusion, the K method used by the TM2421 is acceptable, essentially fulfilling the AAMI criteria and performing satisfactorily in an extended field trial. The oscillometric method, although performing reasonably well for measurements of diastolic BP, failed fully to satisfy the AAMI criteria for the assessment of BP. In view of the tendency of oscillometric monitors to over-read low systolic BP and under-read when the systolic BP is high 12, 17 (which was confirmed in the current study), we recommend that the K method continues to be regarded as the 'gold standard'. However, the availability of a monitor capable of recording BP using both methods is of practical value since it allows a reasonably accurate estimate of BP in those subjects where the K technique fails (which it would have done in 33% of cases had oscillometric backup not been available). One limitation of the present study design is that it does not allow us to directly address the possibility that, in the 20% of K-sound monitorings in the field where there was satisfactory initial agreement between the observer and the K-method, but subsequently an unacceptably large number of K-method error codes, there were factors which tended to render the substituted oscillometric measurement particularly inaccurate. But, since the principal measurements made by the K-sound and oscillometric methods are very different, this does not seem likely a priori. To address such concern, simultaneous ambulatory recording in subjects with a previously established high rate of K-method failure using the TM-2421 and a third 'gold standard' measurement technique such as ambulatory intraarterial monitoring would be necessary. It seems likely that microphone displacement during the monitoring period (which would not necessarily lead to increased inaccuracy of the oscillometric measurement) accounts for a high proportion of Kmethod failures following satisfactory initiation of monitoring using the K-method, although since subjects in the field trial removed their own monitors this remains speculative.
Our field trial is the largest of such a dual-capacity monitor and the first to incorporate rigorous definition of a satisfactory period of ambulatory monitoring. It indicates that throughout the period of a day, provided over 20 individual data points can be obtained, there is acceptable agreement between the mean BPs recorded by the K-sound and oscillometric methods, and the method of primary K-sound recording with oscillometric 'rescue' on those occasions when the K-method fails is an acceptable technique of ambulatory monitoring producing satisfactory records in 98% of all cases.
